regulate calcium homeostasis and cell death. Through the use of superresolution imaging, we have shown that vMIA is distributed at the OMM in nanometer scale clusters. This is similar to the clusters reported for the mitochondrial calcium channel, VDAC, as well as electron transport chain, translocase of the OMM complex, and mitochondrial inner membrane organizing system components. Thus, aside from addressing how vMIA targets the MAM and regulates survival of infected cells, biochemical studies and superresolution imaging of vMIA offer insights into the formation, organization, and functioning of MAM. Here, we discuss these insights into trafficking, function, and organization of vMIA at the MAM and OMM and discuss how the use of superresolution imaging is contributing to the study of the formation and trafficking of viruses.
Introduction
Contacts between organelles allow communication needed for maintaining basal metabolism, coordinated cellular responses and cell survival. However, the small distances between apposed organellar membranes are below the diffraction limit imposed by visible light, making it impractical to use conventional microscopy to resolve protein location and functional organization in these compartments. Superresolution imaging can provide valuable insight into the nanoscale organization of viral and cellular proteins. Here, we focus on the use of superresolution microscopy to study the human cytomegalovirus (HCMV) viral mitochondria-localized inhibitor of apoptosis (vMIA) or UL37 exon 1 protein (pUL37x1). This protein traffics from the endoplasmic reticulum (ER) to the outer mitochondrial membrane (OMM) and prominently localizes to the ER subdomain where it contacts the mitochondria, known as the mitochondria-associated membrane (MAM) [1] [2] [3] [4] [5] [6] [7] .
Apposed ER and OMM membranes are 10-30 nm apart but do not fuse [8, 9] . As these distances are below the diffraction limit of visible light, the best imaging of ER-mitochondrial contacts has been performed by electron tomography [8, 9] . Protein tethers stabilize these contacts even when the organelles move along the cytoskeleton [10] [11] [12] . In mammalian cells, mitofusin 2 (Mfn2) [11] , mitostatin [13] , PACS-2 [14] , and a Ca 2+ signaling complex [10] have been implicated in stabilizing contacts between the ER and the OMM. These contacts are the hub of communication between the ER and mitochondria and are called the MAM [15] . MAM facilitated ER-mitochondrial cross talk helps maintain basal mitochondrial metabolism and bioenergetics [16] , transfer essential lipids to mitochondria [17] , coordinate ER stress responses [8, 18] , induce mitochondrialmediated apoptosis [19] , amplify innate immune signaling [20, 21] , and mark mitochondrial fission sites [9] .
The intracellular trafficking itinerary of vMIA
Upon infection, the HCMV genome is expressed sequentially through a temporally orchestrated set of gene expression. The earliest virally encoded proteins expressed are called the immediate early (IE) proteins. Of these proteins, vMIA increases HCMV growth in permissive human fibroblasts and imparts a potent antiapoptotic function to the infected cell [22, 23] .
vMIA is synthesized in the ER and translocated in the ER membrane by a moderately hydrophobic leader [1, 2] . It is then directed by a bipartite signal sequence at its NH 2 -terminus from the ER to the MAM and to the OMM (Figs. 1, 2) [1, 2] . vMIA dual trafficking is determined by (1) the moderate hydrophobicity of its leader, (2) modification of its consensus protein kinase C site ( 21 SY), and (3) its downstream prolinerich domain ( 33 PLPP) [2] . Increasing the hydrophobicity of the vMIA leader retargets the high hydrophobicity B (HHB) mutant from the MAM to the ER secretory apparatus (Fig. 1) . A consensus cholesterol-binding domain (CBD) in its leader allows vMIA to associate with detergent-resistant membranes (DRM) at the MAM [5] . However, mutation of the vMIA CBD domain (CBD II mutant) does not alter ER to OMM trafficking (Fig. 1) [5] . Throughout its sequential trafficking, vMIA remains signal-anchored in the corresponding ER, MAM, and OMM membranes, and MAM targeting is a common feature of all known UL37 protein isoforms [1] . This suggests that UL37 proteins, particularly vMIA, play important functions at the MAM throughout the process of HCMV infection. The vMIA C-terminal residues remain in the cytosol [1, 4] , enabling it to interact with cytosolic proteins such as the cell death regulator Bax and the antiviral protein, viperin [24] [25] [26] [27] . Due to interactions with cytosolic proteins, trafficking of vMIA alters the localization of these cellular proteins. For example, vMIA causes viperin to localize from ER to the mitochondria, where viperin affects the cellular ATP synthesis and facilitates disruption of the actin cytoskeleton [27] .
The vast majority of endogenous mitochondrial proteins are encoded in the nucleus, synthesized in the cytosol, and trafficked to the mitochondria. The mitochondrial translocase of the OMM (TOM) complex serves as the gatekeeper for import of most mitochondrial proteins [28] . TOM is involved in translocation of mitochondrial protein precursors, particularly those with NH 2 -terminal mitochondrial targeting signals, for example, Tom20 and Tom70 [29] . Tom20 has a moderately hydrophobic leader sequence with proximal basic residues just downstream of its leader sequence [30] . Upon insertion into the OMM, most Tom20 residues are exposed in the cytosol. The intracellular sorting signals of vMIA contain analogously positioned moderately hydrophobic signal and downstream basic residues similar to those of Tom20 [2] . Nonetheless, vMIA mitochondrial targeting signal retargets a vMIA-Tom20 chimera to the ER and OMM [2] .
The role of trafficking for MAM and OMM localization of vMIA is not unique to this viral protein. Hepatitis C virus (HCV) protein NS3/4A serine protease that cleaves activated mitochondrial antiviral signaling (MAVS) protein is associated with MAM, through membrane-targeting domains within NS4A and the amphipathic α helix of NS3 [20] . While dual trafficking of cellular proteins to the ER and to mitochondria is often competitive [31] , sequential ER to mitochondrial trafficking of cellular proteins has also been found. For example, an unidentified cellular glycoprotein [32] associates with mitochondrial complexes I and V in the inner mitochondrial membrane (IMM), as well as apoptosis inducing factor (AIF), acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2), retinol dehydrogenase, and retinol-binding protein traffic from the ER to mitochondria [33] [34] [35] . Mitochondrial AIF is synthesized in the ER, packaged into MAM transport vesicles, and transported to mitochondria before fusion with OMM [33] .
The MAM is enriched in cholesterol-containing lipid microdomains (Fig. 2) [36, 37] . These microdomains are required for proper MAM trafficking of cellular proteins including sigma 1 receptor (Sig-1R) and erlins, which chaperone and facilitate degradation, respectively, of the inositol 1,4,5-trisphosphate receptor (IP3R) [36] [37] [38] . In the MAM lipid microdomains, vMIA localizes in close proximity of Sig-1R as demonstrated by fluorescence resonance energy transfer (FRET) between these two proteins [5, 39] .
vMIA association with MAM lipid microdomains is cholesterol dependent; however, this is not needed for its trafficking to the OMM (Figs. 1, 2 ) [5] . These findings indicate that a series of lipid and protein interactions are employed to ensure proper trafficking of proteins to the MAM.
HCMV infection reorganizes the MAM and mitochondria through vMIA
Mitochondrial activities are modulated by calcium (Ca 2+ ) signaling [10, 15, 16] . Under physiological conditions, ER chaperones, including BiP, calnexin, and calreticulin store Ca 2+ in the ER [40] . Cellular Ca 2+ homeostasis by ER and mitochondria involves Ca 2+ uptake and release by ER and mitochondria such that Ca 2+ is efficiently transported between these two organelles [41] . Cytosolic Ca 2+ is taken up by the ER through the action of sarcoplasmic or endoplasmic reticulum Ca 2+ -ATPase (SERCA) and ryanodine receptor (RyR) [41] . The ER then releases Ca 2+ in the context of mitochondria by the use of inositol 1,4,5-trisphosphate receptor (IP3R). IP3R is enriched at the MAM, where its activity is augmented by its MAM chaperone, Sig-1R, a ligand-operated chaperone that stabilizes IP3R and thus regulates Ca 2+ influx from the ER to mitochondria [42] . Constitutive low level IP3R-mediated Ca 2+ release is essential for efficient mitochondrial respiration and maintenance of normal cellular bioenergetics [16] . But, continued and increased mitochondrial Ca 2+ drives the adaptive metabolic phase of early ER stress [18] .
High Ca 2+ microdomains between ER and mitochondria are facilitated by the close apposition of the ER and OMM, which enables efficient transport of Ca 2+ ions from ER to mitochondria without increasing bulk cytosolic Ca 2+ levels (represented in Fig. 2 ) [10] . For the calcium to be transported into mitochondria, the Ca 2+ ions need to pass across the outer and inner mitochondrial membranes (OMM and IMM). The voltage-dependent anion-selective channel (VDAC) facilitates the high OMM permeability for Ca 2+ . However, the mitochondrial calcium uniporter (MCU) in the IMM facilitates Ca 2+ entry into the mitochondrial matrix [43] . Opening of the MCU channel is regulated by an EF hand protein mitochondrial calcium uptake 1 (MICU1), which is known to bind MCU channel and supports cooperative activation of the mitochondrial uniporter at high cytosolic Ca 2+ concentrations [44, 45] . Finally, the mitochondrion is also capable of releasing calcium, which is facilitated by the leucine zipper-EF-hand containing transmembrane protein 1 (LETM1). LETM1 is an electrogenic Ca 2+ /H + antiporter, distinct from MCU that is responsible for Ca 2+ uptake in mitochondria when mitochondrial Ca 2+ is low [46] . HCMV infection increases the abundances of MAM Ca 2+ signaling complex components including the IMM Ca 2+ uniporter complex-MCU (7.7 ± 0.8-fold) and MICU1 (9.8 ± 1.5-fold), as well as the mitochondrial pump LetM1 (12.5 ± 2.5 fold) and the ER pump SERCA (3.3 ± 0.7 fold) [4, 6] . VDAC (7.1 ± 0.8-fold), cytosolic GRP75 (23.9 ± 5.4-fold), and the Sig-1R chaperone are also increased in the MAM of HCMV infected cells at late times [4, 6] . vMIA causes efflux of ER Ca 2+ stores [47] . MAM plays important roles in responding to cellular stress particularly mediated by Ca 2+ release from the ER stores. Although mitochondria mobilized close to ER initially provide a protective effect during early ER stress responses [18] , mitochondrial Ca 2+ overload can induce mitochondrial-mediated apoptosis [19] . The later phases of ER stress lead to tightening of ER-mitochondrial contacts and induction of apoptosis [8] . ER stress in obesity increases MAM formation and resulting mitochondrial Ca 2+ overload, which in turn increases mitochondrial reactive oxygen species production and mitochondrial dysfunction [48] .
HCMV infection reprograms host cells to increased aerobic glycolysis and anaplerotic use of the TCA cycle [49, 50] . Affecting MAM function may enable HCMV to reprogram cellular metabolism. HCMV infection changes the MAM proteome to control multiple cellular functions particularly blocking ER stress responses, altering metabolism, and inhibiting mitochondria-mediated apoptosis [4, 6, 51] . Global changes in MAM-associated machineries affecting translation and ER translocation, Ca 2+ signaling, metabolism, and mitochondria-mediated apoptosis suggest that HCMV infection induces a restructuring of ER-mitochondrial contacts by late times of infection. This restructuring predictably increases cell survival and affects bioenergetics. Further, the increased abundance of IMM, intermembrane space, and matrix proteins in the MAM fraction suggests that HCMV infection increases the stability or expands ER-mitochondrial contacts by late times of infection. Shown is the translation of vMIA RNA at the ER membrane and its cholesterol dependent association with MAM lipid rafts (blue box), in close proximity with Sig-1R [5, 39] . MAM tether proteins (Mfn2) and components of the MAM calcium signaling complex, including IP3R3, its chaperone BiP, GRP75, and VDAC are shown. vMIA uses a cholesterol-independent mechanism to translocate to the OMM [5] , where it is organized in clusters [93] . Other mitochondrial proteins including VDAC and associated hexokinase 1 (HK-1) [95, 96] , and components of the TOM complex [94] , electron transport chain (ETC) [95] , as well as the MINOS complex [100] are also organized in clusters in mitochondrial membranes Notably, ER and mitochondrial stress response proteins including GRP78, GRP75, hsp10, and hsp60 are among the most augmented proteins in the MAM and in the total cell fractions at late times of HCMV infection [6] . In contrast, different MAM proteins (calreticulin, calnexin, and PACS-2) and cytosolic glycolytic enzymes appear to be relocalized from other sub-cellular compartments to the MAM suggesting the importance of their increased abundance in the MAM during HCMV infection. Consistent with its ability to blunt ER stress responses, HCMV infection blocks relocation of the MAM stress sensor Sig-1R [42] to bulk ER [6] .
Aside from calcium homeostasis, essential lipids synthesized in the ER are transferred between ER and mitochondria at the MAM. Lipid synthetic enzymes including phosphatidylserine synthase types 1 and 2 (PSS-1, PSS-2), DGAT2, fatty acid CoA ligase 4 (FACL-4), ceramide synthase, and shingolipid-specific glycotransferases are enriched in MAM, facilitating delivery of their membrane-bound products to mitochondria [17, 34, 52, 53] . Conversely, phosphatidylethanolamine (PE) is transferred back from the OMM to the ER where it is modified by ER enzymes to make phosphatidylcholine [54] .
Innate immune responses use pattern recognition receptors, such as retinoic acid-inducible gene I (RIG-I), to provide an important defense against virus pathogens [55] . RIG-I is an essential cytosolic receptor that recognizes short viral dsRNAs or 5′ triphosphorylated blunt ends of RNA, an interaction that has been visualized by ground state depletion (GSD) superresolution imaging [56] [57] [58] . RNA binding induces a conformational change in RIG-I that exposes caspase recruitment domains (CARDs) and thereby allows its binding of ATP, unanchored lysine 63 (K63)-linked polyubiquitin chains as well as short dsRNAs [59, 60] . The resulting activated RIG-I tetramers serve as a platform to recruit the mitochondrial antiviral protein, MAVS [61] . Recruited MAVS, in turn, polymerizes and activates transcription factors IRF3 and NFκB, which then translocate to the nucleus and induce transcription of type I interferon and interferon response genes. MAVS protein on the OMM can bind (possibly indirectly) to the ER-localized stimulator of interferon genes (STING) at the MAM and, thereby, augment interferon responses to DNA viruses [62] [63] [64] . MAVS and STING binding is amplified by the close apposition of the ER and OMM at the MAM [21] . vMIA increases mitochondrial biogenesis [65] and causes mitochondrial fragmentation in transfected cells and during infection [21, 24, 39, [66] [67] [68] . Through this, vMIA disrupts interactions between MAVS and STING and thereby downstream signaling against HCMV infection [21] .
It is currently thought that vMIA-induced mitochondrial fragmentation is mediated by Bax, Mfn2, and the inorganic phosphate carrier [66] [67] [68] . Aside from MAVS, vMIA binds and relocalizes another cell defense protein, viperin, from the ER to mitochondria. At mitochondria, viperin increases lipogenesis during HCMV infection [27] . Similarly, vMIA causes retargeting of Bax from the cytosol onto the OMM and MAM and blocks Bax-mediated permeabilization of the OMM [24] [25] [26] . Bax relocalized by vMIA to the MAM is degraded by the action of the proteasome, facilitating the antiapoptotic function attributed to vMIA [51] . Blocking the ER to mitochondrial trafficking of vMIA compromises the antiapoptotic function of vMIA, and its mitochondrial targeting signal (residues 1-35) is invariant in 27 primary clinical HCMV strains studied [69] . Thus, vMIA affects multiple MAM and mitochondria functions by its subcellular trafficking.
Superresolution fluorescence imaging techniques for virus studies
Given their small size (generally ≤100 nm), viruses imaged with conventional fluorescent microscopy are observed as spots often twice their actual size (Fig. 3) . Thus, imaging of virions and viral protein biology with superresolution methods, which can peer beyond the diffraction barrier (~200 nm), has begun in earnest. The techniques used for these experiments typically fall into one of three categories, structured illumination microscopy (SIM) [70] , stimulated emission depletion (STED) microscopy [71] , or one of the numerous localization microscopy (LM) techniques. The best resolutions from each of these methods vary with LM reaching 10-20 nm, while STED is generally cited as ~35-40 nm (although 75-80 nm is often more practical) [72, 73] , and SIM is usually reported between 100 and 140 nm. It would be convenient to simply use LM since it provides the best resolution, but each of these offers advantages and disadvantages which make them appropriate for different specimens and different experiments (Fig. 3) .
Rather than simply list generic or hypothetical uses of the superresolution techniques, we concentrate on examples to demonstrate what can be learned from subjecting virus-related samples to superresolution imaging techniques. When applied to studying virus biology, superresolution imaging techniques are generally trying to answer questions falling into three categories: (1) sub-virus structure and localization, (2) virus assembly and release, and (3) clustering of viral and cell components during infection and replication. Obviously, overlap is expected between these categories, and often, the information derived during these imaging experiments is similar. Reviews published elsewhere [74, 75] describe studies, which focus on superresolution in virus structure, assembly, and release experiments. Here, we concentrate on virus protein trafficking and localization to intracellular components to demonstrate the progress being made as a result of the superresolution imaging revolution.
Subviral structure localization
With superresolution optical methods now able to resolve structures or localize molecules on a scale smaller than a virus particle, a natural progression was to use these methods to study virus structure. Optical superresolution still lacks the resolution of EM, which is often used in virus structure studies, but the fluorescence techniques have the advantage of higher throughput during sample preparation and can include multiple labels. For instance, STED was used to monitor and quantify the redistribution of the HIV envelope protein (Env), which correlated with viral entry efficiency [76] . Env clusters were observed previously at particle and T cell contacts using electron tomography [77] , and STED allowed the study of these sub-particle structures in numbers high enough for in-depth statistical analysis.
Gated STED (GSTED) was used to determine the relative localizations of adenovirus DNA (vDNA) and capsid protein [78] . The signals from the two markers localized well with different relative sizes. The capsid was found to be ~120 nm (FWHM determined from Gaussian fits of line profiles), while the vDNA produced a FWHM of ~80 nm. These were in good agreement with capsid sizes determined from structural studies after accounting for the additional size of the antibody labels. These images also showed that free cytoplasmic vDNA (not associated with capsid) covered an area ~25 % larger than capsid-associated vDNA suggesting compaction of the vDNA once inside the capsid. Conventional images show these as simple diffraction-limited spots, and little subviral details can be discerned.
Cluster analysis using LM data offers another approach to viewing relative structural alterations in virions. For instance, analyses using dSTORM on matrix and capsid proteins during HIV-1 infection found a significant increase (236 %) in the cluster sizes of capsid proteins when compared with the matrix protein [79] . Using a photoactivated LM (PALM) approach with FlAsH tagged IN, an enzyme involved in the integration of the HIV DNA into the host genome, the observed structural differences correlated with the location of the complex in the cytoplasm or in the nucleus [80] . The data showed a wide range of cluster sizes but suggested that this enzyme remained in intact capsids within the cytoplasm, which had a mean FWHM of ~100 nm. Upon entering the nucleus, the cluster size Fig. 3 Application of superresolution imaging to study viral assembly and trafficking. This schematic highlights the suitability of the superresolution and conventional imaging approaches for studying assembly, localization, uncoating, and trafficking of a variety of viruses. While the applications have been broadly categorized into studies relevant to viral organization (green) and localization/trafficking (yellow), the studies on which this schematic is based upon [76, 78, 79, 81, 83, 85, 87, 93] illustrate that depending upon the question, more than one of these imaging methodologies should be used showed a decrease to a mean FWHM of ~30 nm suggesting a large structural modification in passage through the nuclear pores.
The localization of Hendra virus (HeV) proteins was imaged [81] using both GSD [82] and SIM. In good agreement with EM studies, these determined the HeV particles inside cells were ~300 nm in diameter. Both GSD and SIM indicate that the M matrix protein is more closely associated with the ribonucleoprotein complex (RNP) containing the RNA genome than with the virus envelope. A similar assessment of the sub-virion localization of the polymerase complex subunits, L and P, in the vesicular stomatitis virus (VSV) [83] indicated the proteins were located toward one end of the asymmetrically shaped virus and occupied ~50 nm of a 150 nm cavity inside the virion.
While SIM generally provides less resolution than STED or LM techniques, even it has been useful in the study of some virion structures. For example, 3D-SIM imaging was performed on vaccinia virus infected cells [84] . Fluorescent protein-tagged virus components, A3 (core protein) and B5 (integral membrane protein), provided markers for the virus particle lumen and the envelope surrounding the core, respectively. With these, the outer shell of the virus was distinguished from the core and showed that the normally diffraction-limited spots of virus particle formation could be monitored at subviral resolutions. These studies set the stage for monitoring another virus protein, A36, at these resolutions [85] . A36 is a viral transmembrane protein located in the outer membrane of the double membrane particle and has a large cytoplasmic domain. This domain mediates interactions with a number of intracellular proteins including cytoskeletal structures. Since the hollow sphere was easily resolved, SIM monitored the redistribution of A36 and A36 mutants along the periphery during virus assembly and release. It was noted that specific mutants in A36 known to decrease virus release did not undergo the normal redistribution when the particle was located in extracellular space.
Clustering of viral and cell components during infection and replication
In many studies, the interest is less in the virus particle structure and more in the relative localization of virus particles or viral proteins with intracellular components. Important to note here is that these superresolution techniques are limited just as conventional microscopy in that they cannot provide certainty concerning colocalization of two components. However, they can allow inferences about localization within a much smaller specified area or volume. For example, despite the compact cellular environment, STED imaging of HIV-1 virions located in dendritic cells showed little colocalization with most intracellular components except actin [86] . The particles colocalized at immunological synapses when co-cultured with CD4
+ T cells and were used to establish the functional relevance of these synapses before further study using higher-resolution electron microscopy (EM) techniques.
Another example of virus components located to specific structures inside cells includes studies of the HCV, which during part of its life cycle localizes its capsid protein core to lipid droplets associated with ER membranes. Colocalization studies using conventional microscopy of envelope proteins with the core protein on these droplets proved to be inconclusive since the droplets are diffractionlimited spot sized [87] . Using a LM technique (dSTORM), the relative localizations of core and an envelope protein E2 were imaged on small lipid droplets (0.2-0.5 µm) located within 1-2 µm from the plasma membrane [87] . Although both proteins could be found associated with the droplets, dSTORM images revealed very little colocalization or mixing of the proteins with each other in their respective punctate regions. Similar concerns about the precise localization of their protein of interest prompted use of the added resolution of SIM to conclusively determine that a flavivirus cell penetrating protein (CPP) localized mainly to the membrane of endosomes as opposed to being located in the lumen as observed by conventional microscopy [88] .
Since hijacking of a cell by a virus often leads to dramatic morphological changes in intracellular organelles, superresolution offers new insight through finer mapping of these alterations. For example, RNA viruses often induce the formation of punctate structures in the cytoplasm which have been described as "X-bodies" or replication "factories," "organelles," or "complexes." Using 3D-SIM, Linnik and colleagues [89] followed up on previous confocal microscopy studies of potato virus X (PVX) induced X-bodies to more finely map the relative localizations of PVX proteins necessary for virus movement. The coat protein (CP), triple gene block (TGB) proteins, TGB1, TGB2, and TGB3 were imaged together or separately using intracellular markers. Their studies found that the granular patterns exhibited by TGB2 and TGB3 were actually labeling a fine reticulum of remodeled ER membranes. Although these structures appeared to be contiguous granules by confocal microscopy, SIM indicated they had "donut-shaped" loops with ~300 nm outer diameters and ~125 nm inner diameter. 3D-SIM also made clearer the morphological alterations in cell organelles such as the Golgi apparatus. In PVX-infected cells, the trans-Golgi network (TGN) rearranged into donut-like structures distinct in size from the TGB2 and TGB3 labeled structures, whereas they appeared as punctate granules by confocal microscopy.
Indeed, it is often the presence of punctate signals with a size of the diffraction limit, which drives the need for a 1 3 superresolution view. Simply determining the sizes and shapes of clusters or domains is generally the first step in better characterizing diffraction-limited spots by superresolution, but these data offer insight into the density and distribution of proteins at very small scales. For instance, the MAVS protein polymerizes and forms helical filaments during RNA virus infection. Using SIM, it was found in rod-shaped clusters on the mitochondria [90] and was noted to be ≤100 nm in diameter since the resolving power of SIM is ~100 nm. Clustered MAVS had a mean length of ~400 nm with maximum observed length of ~800 nm. These clusters are easily seen with diffraction-limited microscopy, but such detailed length measurements could not be made using conventional imaging nor could an upper limit of 100 nm be placed on the maximum diameter. Importantly, these polymerized MAVS helical fibers serve as the activation platform for downstream interferon signaling.
Even smaller domains were noted when imaging DC-SIGN, a C-type lectin which involved in catching and internalizing pathogens. STED microscopy of the dendritic cell side of a virus entry point found clustering of DC-SIGN on scales missed by conventional imaging [91] . Importantly, STED offered the capability to monitor the clustering on mutant forms of DC-SIGN. By doing so, the key regions of the molecule necessary for clustering and subsequent pathogen internalization were narrowed to its extracellular neck region. This molecule's behavior was further explored in experiments using LM (dSTORM) which also found that deletion of cytoplasmic domain resulted in no clustering [92] . Remarkably, these experiments also revealed that the microdomains were actually nano-sized domains in which the smallest clusters contained only 4-8 DC-SIGN molecules.
Superresolution imaging of vMIA and mitochondrial proteins
At the MAM, the ER membrane and OMM are spaced at 10-30 nm [8, 9] . Because of the close proximity of ER and mitochondrial membranes as well as OMM and IMM at the MAM, electron tomography has provided the best MAM imaging [8, 9] . While tomography provides excellent high resolution (<20 nm), the approach is limited by fixation and dehydration, which can distort membrane structures.
Superresolution imaging can provide novel information on sub-cellular and sub-organellar distribution of proteins. To improve imaging of vMIA location, we used a combination of deconvolved confocal imaging and three superresolution approaches, gated STED, MSIM, and PALM [93] . Deconvolution of confocal microscopy image resolved vMIA at the MAM, away from mitochondrial matrix [93] . However, deconvolved confocal imaging falls short of resolving the sub-mitochondrial location (IMM versus OMM) or the physical organization of vMIA (diffused versus clustered). Superresolution imaging combined with confocal imaging localized the vMIA clusters away from the mitochondrial matrix. Superresolution imaging using MSIM, GSTED, and PALM each detected existence of vMIA in clusters, while multicolor MSIM additionally established the OMM localization of the vMIA clusters away from the mitochondrial intermembrane space and mitochondrial matrix (Fig. 4) [93] . Moreover, the combined use of superresolution approaches consistently established that vMIA at the OMM exists in clusters of ~100-150 nm.
Multiple mitochondrial proteins located at the OMM and the IMM have been found using superresolution imaging to be organized in clusters. Tom20 and Tom22, components of the TOM complex, are clustered at the OMM [94] . Tom20 clusters (30-40 nm) are larger than a single TOM complex (diameter of ~14.5 nm). Importantly, the distribution of Tom20 clusters differs depending upon functional requirements of mitochondria. Further, the density of Tom20 clusters is higher in metabolically active cells [94] .
When examined by STED imaging of Percoll-purified mitochondria from murine, heart showed that VDAC type 1 (VDAC1) protein formed clusters in four size distributions of ~22, ~33, ~55, and ~83 nm at the OMM [95] . Other investigators found that the human VDAC isoforms (VDAC1-3), which have high degrees of primary sequence homology, had different sub-mitochondrial distributions [96] . Human VDAC1 and VDAC2 isoforms are distributed in clusters in the OMM and colocalize in relatively large clusters of 300-900 nm, which were frequently composed of several smaller clusters [96] . In contrast, human VDAC3 is more uniformly distributed on the OMM. However, when co-expressed with the other VDAC isoforms, some colocalization of VDAC3 with VDAC1 and 2 was induced. VDAC binds to cytosolic hexokinase-1 (HK-1) [97] . Although VDAC1 is known to bind HK-1, VDAC1 and VDAC2 showed only partial colocalization with HK-1, whereas VDAC3 colocalized more with HK-1 (Fig. 2) [96] .
Mitochondrial cristae shape determines the assembly and stability of the respiratory chain supercomplexes and thereby respiratory efficiency [98] . Cytochrome c oxidase subunit 2, complex IV of the electron transport chain (ETC), is distributed in clusters of ~20 and 28 nm (Fig. 2 ) [95] . Mitochondrial inner membrane organizing system (MINOS) is critical for the maintenance of cristae morphology and has been proposed to play a central part in ER-mitochondrial organizing network the controls mitochondrial membrane architecture and biogenesis [99] . Using STED imaging of antibody labeled proteins, three MINOS subunits, mitofilin, MINOS1, and CHCHD3, were found to form clusters of ~85 nm, in which the MINOS subunits were highly colocalized [100] . Intriguingly, all three MINOS subunits formed an ordered arrangement at the rim of mitochondria in human fibroblasts, Vero and HeLa cells. However, the MINOS complex did not form spatially extended superstructures in human fibroblasts [100] .
Summary and outlook
Superresolution imaging has the clear potential to provide valuable insight into the nanoscale organization of viral machineries, which provide essential replicative processes. Case in point is the detection of non-uniform distribution of vMIA at the OMM. This distribution was not detectable by conventional microscopy because of its diffraction limited resolution. Further, this technology allows virologists to study how viruses alter cellular organelles to establish replication compartments and virus assembly. In a few years, superresolution imaging techniques of all varieties will take their place beside wide-field, confocal, and multiphoton microscopy as standard laboratory tools rather than exotic new toys available to only a few. While many of the current developments in superresolution imaging have been focused on improving static spatial resolution, there is increasing focus in doing so together with real-time imaging of live cells. With such developments, studies of virus biology are likely to accelerate and nagging questions about the behavior of a favorite virus inside a cell that investigators have pondered for decades may finally be answered. Fig. 4 Visualization of vMIA clustering on the OMM by MSIM imaging. HeLa cells were transfected with vectors expressing vMIA-EGFP (green) and mitochondrial marker Mito-BFP (pseudocolored red) using Lipofectamine 2000. Transfected cells were fixed with 4 % paraformaldehyde and imaged using MSIM as described [93] . Zoom of the regions R1 and 2 on the merged image show the clustered distribution of vMIA-EGFP at the OMM. The scale bars represent 15 μm on the merged full-size image and 1 μm on the zoomed images
